C
ancer is a leading cause of death worldwide. Many types of cancer treatments are available, but all have associated side effects. These side effects are likely due to the genotoxicity of the therapeutic agents that kill both cancer and normal cells. Chemotherapy is the most widely recommended treatment for any cancer type. At first it was believed that chemotherapy drugs selectively killed cancer cells but it is now known that they also damage normal cells, resulting in dose dependent side effects such as nausea, fatigue, vomiting, hair loss, and, in severe cases, even death. Hence, there is a need for treatments that specifically destroy malignant cells, but not normal cells.
Low or no calorie intake is known to be effective against many diseases, specifically cancer. Different forms of food deprivation include dietary restriction (DR) or calorie restriction (CR), which may be acute or intermittent, fasting, and starvation. Short-term starvation is much more effective in protecting normal cells against chemotherapy drugs compared to dietary restriction. 1 Starvation differentially protects normal cells but not cancer cells against oxidative stress and chemotherapy drugs, this phenomenon is termed differential stress resistance (DSR).
2 Normally cell energy is balanced between cell growth and reproduction, and maintenance. During starvation cell energy is diverted to the maintenance systems but cancer cells, being mutated, show no response to stressed conditions like starvation and are selectively killed by chemotherapeutic drugs. A case report showed that short-term starvation of up to five days followed by chemotherapy is not only safe and feasible, but also helps to ameliorate chemotherapy related side-effects. 3 This article addresses the physiological responses of the body against starvation, the effect of starvation on insulin, insulin-like growth factor-1 (IGF-1) and its downstream effectors and their conserved role in cellular protection, and compares of the efficacy of dietary restriction to that of the fasting or starvation. The correlation between starvation, autophagy, and cancer is also discussed and finally, the mechanism of differential chemotherapy. 
A B S T R AC T
Cancer patients undergoing chemotherapy treatment are advised to increase food intake to overcome the therapy-induced side effects, and weight loss. Dietary restriction is known to slow down the aging process and hence reduce age-related diseases such as cancer. Fasting or short-term starvation is more effective than dietary restriction to prevent cancer growth since starved cells switch off signals for growth and reproduction and enter a protective mode, while cancer cells, being mutated, are not sensitized by any external growth signals and are not protected against any stress. This phenomenon is known as differential stress resistance (DSR). Nutrient signaling pathways involving growth hormone/insulin-like growth factor-1 axis and its downstream effectors, play a key role in DSR in response to starvation controlling the other cell maintenance systems, such as autophagy and apoptosis, that are related to the tumorigenesis. Yeast cells lacking these effectors are better protected against oxidative stress compared to normal cells. In the same way, starvation protects many cell lines and mice against high-dose chemotherapeutic drugs. According to a series of studies, fasting results in overall reduction in chemotherapy side effects in cancer patients. Data shows that starvation-dependent differential chemotherapy is safe, feasible and effective in cancer treatment, but the possible side effects of starvation limit its efficacy. However, further studies and clinical trials may result in its implementation in cancer treatment.
Physiology of starvation
The human population has faced many great famines in the past, but the condition of fasting and even severe starvation is not limited to humans but includes microorganisms and other animals. To cope with such stressed conditions all organisms have evolved specific survival mechanisms. In normal conditions, glucose is the main source of energy for the metabolic reaction. During starvation, the process of gluconeogenesis forms glucose, using stored lipids and proteins. This glucose supply is limited and is used by the brain while the remaining energy requirement is fulfilled by ketone bodies (acetoacetate, β-hydroxybutyrate and acetone). 4 Physiological responses to starvation are quite different for that of CR diets. During the first 10 hours of starvation, when the body utilizes any consumed food, stored glycogen becomes the main source of energy. When liver glycogen stores deplete, amino acids act as a source of energy. Eventually fatty acids and glycerol from adipose tissue serve as a major source of energy. If starvation continues for a week or more, fat derived β-hydroxybutyrate becomes the most abundant ketone in body while glucose production becomes very low. When fat stores are depleted rapid muscle degradation occurs and provides energy to the body through gluconeogenesis. 5 Weight loss caused by starvation is initially intense and rapid but eventually becomes gradual. A study has shown that during the first week of starvation average weight loss is 0.9kg/day and reduces to 0.3kg/day by the third week. 6 This data shows that short-term starvation is feasible and may be effective to prevent age-related diseases. Side effects of short-term starvation may include headaches, lightheadedness, nausea, weakness, and edema. 7 It is important to keep in mind that starvation should not be administered to patients deficient in metabolic pathways. For example, patients with fructose 1,6-bisphosphate deficiency may experience hypoglycemia, acidosis, and failure to produce ketone bodies, the key source of energy during starvation. 8 Starvation is likely to be the most effective with respect to cancer treatment based on previous studies. According to Raffaghello and collagues, 9 DR may not be a feasible option as it has been shown to only delay cancer onset but does not stop its progression, it also causes chronic weight loss, delayed wound healing, and immunologic impairment. Furthermore, it takes a long time to become effective (weeks to months). 10 Intermittent fasting/alternate day feeding is more advantageous than DR, as it provides greater stress resistance than daily DR of 30-40%, but it also requires two to three weeks to be effective. 11 Lee and Longo have presented a comparison of DR and starvation in their study suggesting that starvation is more effective in starvation based differential chemotherapy. 1 
Starvation, autophagy and cancer
Autophagy is a conserved process of self-eating adopted by cells in response to starvation and other stressed conditions. It is a catabolic process, which involves the lysosomal breakdown of proteins and organelles for maintenance of cellular homeostasis and reduction of metabolic stress. Defected autophagy may cause diseases such as neurodegradation, liver failure, inflammatory bowel disease, aging, and most importantly cancer. Autophagy is a complex process that acts as a doubleedged sword in tumorigenesis. Loss of autophagy may cause increased cellular proliferation and plays an important role in cancer cell survival mechanisms. Cancer cells demand high energy and nutrients for rapid cell growth. This demand may be fulfilled by high rates of aerobic glycolysis and glutaminolysis causing reactive oxygen species (ROS) production and oxidative stress in tumors leading to their own autophagy for survival. ROS may also stimulate autophagy in stromal cells and release metabolites by tumor associated fibroblasts (TAFs), which are utilized by neighboring cancer cells. 12 Studies suggest that in mammals, starvation of essential nutrients and growth factors induces autophagy. 13 Genes such as AMP-activated protein kinase (AMPK), mammalian target of rapamycin (mTOR), and TAFs, regulating aging and stress resistance, also regulate autophagy. 13 Starvation based autophagy causes autophagosomes to engulf cytosol or organelles, which are then degraded by lysosomes and nutrients are released. In this process, autophagy-related gene 1 (ATG-1) plays an important role.
14 Some oncogenes are reported to inhibit autophagy, through mTOR activation, reflecting that catabolic processes are suppressed in tumors to facilitate accumulation of cell mass. 15 In contrast, many cancer cells show increased autophagy, which is mediated by ammonia production a by-product of glutaminolysis that occurs in the mitochondria of tumor cells undergoing the Warburg effect (the enhanced conversion of glucose to lactate by tumor cells). 12, 16 This ammonia then increases autophagy and protects cancer cells from apoptosis induced by tumor necrosis factor-α (TNF-α) and controls the tumor proliferation under metabolic stress. 17 It has been reported that serum and growth factors induce Jun genes (expressing JunB and c-Jun proteins) which inhibit autophagy. Jun proteins are major components of oncogenic transcription factor AP-1, regulating cell cycle and tumorigenesis. 18 During starvation JunB protein is repressed by down-regulation at both transcriptional and posttranscriptional levels by reduction in mTOR activity. Mice fibroblasts deficient in JunB exhibit increased autophagy. Low levels of JunB are found in many human cancer cell lines. 18 Hence, starvation induced autophagy may protect normal cells and be fatal to cancer cells. 19 These studies suggest that autophagy is another factor that may differentially effect cancer and normal cells under starvation conditions.
Starvation, nutrient signaling pathways, and growth factors
The starvation-induced physiological state is similar to that caused by mutated nutrient signaling pathways, which lead to decreased activity.
11 DR is also helpful against age-related malfunctioning and reduces the risk factors of diabetes, cardiovascular diseases, and cancer in rodents, monkeys, and humans by inactivating one or more nutrient signaling pathways. 20, 21 Nutrient signaling pathways are fundamental to aging and its resulting problems. Conserved nutrient signaling pathways in different organisms reveal that they have evolved to overcome the periods of starvation. 19 Deletion of TOR or Sch9 increases the lifespan of yeast several fold. 22, 23 In worms, flies, and mammals DR reduces the activity of nutrient signaling pathways through reduced levels of growth factors such as IGF-1. The role of TOR and S6K is conserved from yeast to mammals. Another pathway effecting the aging process, involves three proteins Ras, adenylate cyclase (AC), and protein kinase A (PKA). 24, 25 In yeast, starvation, induced by switching from glucose to water, doubles their lifespan. 26, 27 In response to glucose starvation Ras-AC-PKA and TOR-Sch9 signals are decreased, and there is increased transcription activity of zinc finger transcription factors Msn2 and Msn4. 28, 29 In
Caenorhabditis elegans (C. elegans) reduced activity of the insulin/IGF-1 like signaling (IIS) pathway is involved in lifespan expansion. 30 This expanded lifespan requires the forkhead box transcription factor (FOXO) DAF-16, which regulates the genes involved in cellular stress and detoxification of free radicals. 31 In drosophila, the evolutionary role of IIS is conserved as in yeast and C. elegans. 32 Dietary restriction in drosophila effects insulin peptides and transcript levels of insulin-like pepticle 5 (dilp5), 33 and loss of FOXO can be compensated by other pathways such as the TOR pathway. 34 In mice, mutations in growth hormone and IIS genes can increase their lifespan. 35 Furthermore, growth hormone (GH) deficiency increases the expression of antioxidant enzymes and increases stress resistance in muscle cells and fibroblasts of mice. 36 DR expands the lifespan of mice by up to 60% partially by reducing the occurrence of chronic diseases such as cancer. 20 In the same way IGF-1 signaling deficiency may reduce the probability of spontaneous mutations and tumors in the kidneys and small intestine of DR mice. 37 In individuals with GH-receptor deficiency diabetes and cancer are very rare, but they don't reach older ages. 38 Hormonal changes, as a result of dietary restriction, may include increased adiponectin, and reduced triiodothyronine, testosterone, insulin, cholesterol, C-reactive protein, blood pressure and intima media thickness of carotid arteries, which are risk factors for cardiovascular diseases and cancer. 21, 39 Inhibition of IGF-1 receptor is thought to enhance the killing of various cancer cell types. However, the role of IGF-1 signaling in differential protection is unknown. Studies reveal that starvation reduces levels of IGF-1 significantly. Short-term starvation of 72 hours reduces circulating IGF-1 by 70% and increases the level of IGF binding protein (IGFBP-1) an IGF-1 inhibitor, by 11-fold. Furthermore, glucose levels were reduced by 41% and GH levels were increased slightly. Mice with 70% reduced IGF-1 levels were protected against chemotherapy drugs. 40 Hence, these nutrient signaling pathways are basic key regulators of starvation induced differential stress resistance in normal and cancer cells.
Starvation and stress resistance
Most organisms live in fluctuating environmental conditions, where food is not available all the time. During food deprivation, they have to undergo some harsh or stressed conditions such as UV radiation, heat and cold, so nature has evolved the physiology of organisms to handle these problems. Most organisms show increased stress resistance as a result of food deprivation. 41 During starvation organisms withdraw energy from growth and reproduction and invest it in maintenance systems of the cell. Nutrient signaling pathways and stress resistance transcription factors are key regulators of growth, metabolism, and protection against oxidants and other toxins. Short-term starvation induces mitochondrial activity to counteract the energy depletion. CR and, specifically, glucose restriction results in increased mitochondrial respiration in yeast and worms. [42] [43] [44] [45] CR also enhances mitochondrial biogenesis and oxidative phosphorylation in rodents and increased respiratory capacity in mammalian cells. 46, 47 In contrast, mitochondrial dysfunction may result in age-related diseases such as diabetes, cancer, and neurodegeneration. 48, 49 In mitochondria ROS are produced as a by-product. Increased metabolic rate as a result of DR causes increased ROS production, which is a major determinant of life span. 50 Increased ROS production induces a positive response that increases stress resistance, which results in long-term reduction of oxidative stress, 51 that further increases life span and lowers the risk of cancer, diabetes and other age-related diseases. 41, 52 Hyperbaric and hyperthermic conditions in C. elegans and mice, respectively, mimic DR and trigger the same adaptive response for increased stress resistance. 53 Deficiencies in these nutrient signaling pathways or growth factors pay protection to the cells against stressed conditions. 54 Carbon or nitrogen starvation in Escherichia coli (E.coli) enhances the components of stress resistance, such as heat shock proteins. [55] [56] [57] Yeast when switched from glucose to water had increased life span and protection against oxidative stress and heat shock. 58 Furthermore, yeast cells deficient in nutrient signaling Ras/cAMP/PKA and TOR/S6K pathways had double the life span and increased stress resistance. 58, 59 Intermittent fasting in worms increases oxidative and heat stress resistance and extends life span by up to 56% through Ras homolog enriched in brain (RHEB-1) and TOR signaling pathways. These pathways are linked to DAF-16 . 60 In contrast, a high glucose concentration reduces life span possibly by decreasing DAF-16 activity. 61 In Drosophila melanogaster, moderate DR along with amino acid restriction increases resistance against oxidative damage. 62 The starvation dependent protection against oxidative stress is controlled by d4E-BP, located downstream to P13K/AKT/DFOXO3; it binds with elF4E suppressing translation. The pathway is necessary for stressed cells to divert energy from growth to protection. 63 DR mice also show increased stress resistance. Fourty-eight to 60 hours of fasting enhances cellular protection in three different strains of mice against the oxidative effect of chemotherapy drug etoposide. 1 Furthermore, 72 hours of starvation shields CD-1 mice from lethal doses of doxorubicin, which normally could cause death due to oxidative stress induced cardiotoxicity. 40 
Starvation and differential stress resistance
The basis of DSR is the differences between normal and cancer cells. These differences provide the opportunity for the fasting, and conserved nutrient signaling pathways to protect the normal cells against high-dose chemotherapy. Cancer cells are self-sufficient in growth signals and hence are insensitive to external growth signals. 64 Normally all cells require growth factors for proper growth and reproduction whereas cancer cells are not affected by the absence or presence of growth factors. 64 The self-sufficiency of cancer cells is mainly due to mutations in proto-oncogenes coding Ras, Akt, and mTOR [ Figure 1 ] (the main components of nutrient signaling pathways). These mutated pathways enable cancer cells to proliferate independently of growth signals and show no response to the stressed conditions. 64 Therefore, even in the presence of a stress such as fasting cancer cells go on proliferating and do not show any resistance against stress.
In cancer cells some proteins are either over expressed or absent, as a quarter of all cancers have a mutated form of Ras. 65 Phosphatase and tensin homolog (PTEN), a tumor suppressor, and p53, a coordinator of stress resistance, are inactivated in cancer cells. 66 Oncogenic mutations also cause the hyperactivation of IGF-1, Akt, Ras, mTOR and PKA in most human cancers. Reduced levels of IGF-1 are also important in starvation based DSR, 40 possibly by negatively regulating the nutrient signaling pathway. There are many chemotherapy drugs that specifically target IGF-1 receptors, since it is commonly activated in variety of tumors. 67 Cancer cells are dependent on glycolysis rather than oxidative phosphorylation (Warburg effect). This provides a clue that a starvation induced raise in ketone bodies may increase the sensitivity of cancer cells. 11 Although glycolysis produces a low amount of adenosine tri-phosphate (ATP) compared to oxidative phosphorylation, it provides essential biosynthetic precursors required by fast growing cells. 68 Moreover, cancer cell survival is amplified by increased glucose metabolism due to restriction of cytochrome-c mediated apoptosis in cancer cells. 69 Hence, glucose starvation sensitizes cancer cells against various stresses and may induce apoptosis in cancer cells.
Studies reveal that 72 hours of starvation reduces glucose levels by 41% and IGF-1 levels by 70%, while IGFBP1 increases 11.4-fold. 40 Mice fibroblast cells with deleted Igf-1 (R -) were highly protected compared to R + cells, which were treated with doxorubicin after 24 hours of fasting and Igf-1 infusion to these cells reverses the protection effect. 40 In mice, with subcutaneous breast cancer (4T1) it has been shown that two cycles of fasting alone was as effective as two cycles of cyclophosphamide treatment. The mice regained normal weight within five days of re-feeding. 54 In another study DNA damage in two types of cancer cells due to fasting alone was greater than that for cells treated with chemotherapy alone. Fasting alone is effective in retardation of the growth of many cancer cell types, and in some cases equates the effect of chemotherapy drugs. However, fasting in combination with chemotherapy is more effective. 54 
Starvation and differential chemotherapy
As discussed earlier, short-term starvation differentially protects normal and cancer cells against oxidative stress. Raffaghello and his colleagues have worked extensively in this field and have shown that short-term starvation induces DSR against chemotherapy drugs in yeast and mice. 1 In their study, yeast cells pre-starved for 48-60 hours were protected against oxidative stress and high doses of chemotherapy drugs compared to control. Another experiment using mice, showed that starved mice were protected against two to three times the maximum dose recommended for humans of the drug etoposide (Etopophos, Bristol-Myers Squibb), while 40% of the un-starved mice died and those remaining exhibited severe toxicity. A second group of mice were starved for 60 hours and then treated with a dose of etoposide four to five times the maximum dose recommended for humans. Mice in the control group died by day five, whereas no pre-starved mice died or showed toxicity. Starved mice lost 40% of their weight but regained it after one week of re-feeding. To investigate the effect of starvation on tumor cells they injected the mice with neuroblastoma-type malignant cells. The result was that the starved mice were more protected than control mice and lived longer when exposed to high dose chemotherapy. 1 In a more recent study, Lee and his colleagues investigated the effect of fasting on cancer cell survival in the presence or absence of chemotherapeutic drugs. 54 They repeated the experiments performed by Raffaghello et al, on yeast and found the same results. Furthermore, they found that starvation for 24 hours before and 24 hours after chemotherapy, sensitized 15 of 17 cancer cell lines against doxorubicin and cyclophosphamide. Fasting alone has the same effect on the tumor cell mass as that of the drug cyclophosphamide. In a mice model of human matastatic cancer, after 34 days of five fasting cycles (48 hours each), tumor size was less than half of that in normally fed mice. However, fasting cycles combined with cyclophosphamide treatment reduced tumor size to less than half of that achieved in treatments with cyclophosphamide or fasting alone. However, as a result of combined fasting and chemotherapy, DNA damage was increased 20-fold in both cancer cell types.
There is also evidence of starvation-based differential chemotherapy in humans. Ten volunteers with different types of cancers were starved for 48-140 hours before chemotherapy and five-56 hours after. Overall, all patients showed decreased side effects of chemotherapy. None of the patients reported side effects caused by the fasting itself. 2 This suggests that starvation-based differential chemotherapy is a safe and feasible option for treatment of cancer.
D I S C U S S I O N
Chemotherapy is the most commonly used cancer treatment, but it has many side effects, which can be life threatening as chemotherapeutic drugs damage both cancerous and normal cells. Short-term starvation or fasting, differentially kills cancer cells but not the normal cells in response to chemotherapy drugs. Fasting for three to five days is not acceptable by most patients, in this case alternate day fasting, or DR with protein restriction specifically, may provide similar results. 11, 70 Furthermore, there is the option to reduce IGF-1 and its downstream effectors without fasting by using drugs or by down-regulating genes, which may reduce cancer progression or sensitize cancer cells against chemotherapy drugs by mimicking fasting. 10, 40 However, short-term starvation, as experimented in yeast and mice, has potential to differentially kill cancerous cells compared to other interventions. Hence, further studies and clinical trials are required to evaluate the efficacy of differential chemotherapy.
C O N C LU S I O N
Cancer is one of the biggest health care issues world over, and there is great need to adopt better and effective strategies for cure and treatment of cancer with more emphases on early detection and prevention. 71 Available studies indicate that fasting/starvation greatly reduces the side effects of chemotherapy and starvation-based differential chemotherapy is a safe, feasible and effective option in cancer treatment. However, only few studies have been reported so far, which are not conclusive, therefore, there is great need to do further studies and clinical trials so this treatment could be used in standard practice.
